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In many animals, the first cue for development is transcripts and/or proteins that are provided maternally and are localized at specific regions of
fertilized eggs and early embryos. The ascidian is known to exhibit a mosaic mode of development, which is largely dependent on localized
maternal factors. In early Ciona intestinalis embryos, the posterior-most localization appears to be the major specialized pattern of maternal
transcripts. The present study examined the temporal and spatial expression pattern of 40 genes known as pem/postplasmic genes, for which
maternal mRNAs are localized at the posterior-most region during early Ciona embryogenesis. Ten of these genes showed redistribution to B8.12-
line cells, which are known to give rise to germ cells in ascidians. In addition 23 orthologues were newly identified in a related ascidian species,
Ciona savignyi, and 16 of them showed the mRNA localization pattern at the posterior-most region. Furthermore, the localized pattern of
exogenous mRNA, which comprised the 3′ UTR of C. intestinalis pem/postplasmic genes conjugated with the LacZ ORF, showed the localization
at the posterior-most region in C. savignyi embryos. Likewise, the 3′ UTR of C. savignyi pem/postplasmic genes conjugated with the LacZ ORF
showed localization at the posterior most region in C. intestinalis embryos, suggesting that localization mechanisms are conserved between the
two species. The present study therefore provides basic information for future functional analyses of these pem/postplasmic genes and for
exploring the mechanisms of localization of mRNAs.
© 2006 Elsevier Inc. All rights reserved.Keywords: Ciona intestinalis; Ciona savignyi; Localized mRNA; Gene expression profiling; 3′ Untranslated regionsIntroduction
The establishment of embryonic axis and cell-type specifi-
cation of early embryonic cells depend on maternally supplied
transcripts and/or proteins, that are localized at restricted
regions of eggs and early embryos. There are numerous reports
of mRNAs localized in oocytes, eggs and embryos of various
organisms, including both protostomes, such as the fruit fly and
nematode, and deuterostomes, such as Xenopus (Wilhelm and
Vale, 1993; Ding and Lipshitz, 1993; Glotzer and Ephrussi,
1996; Gavis, 1997; Schnapp et al., 1997). Urochordate⁎ Present address: Division of Molecular Enzyme Physiology, Institute for
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doi:10.1016/j.ydbio.2006.05.018ascidians are marine invertebrate chordates. The organization
of their tadpole larvae shows basic features of the chordate body
plan (reviewed by Satoh, 2003). The ascidian embryos are
known to develop under a typical ‘mosaic’mode, and this mode
of embryogenesis is largely dependent on localized maternal
factors in the egg, which specify the tissue precursor cells
during embryogenesis (reviewed by Nishida, 2005). In
particular, the posterior–vegetal cytoplasm (PVC) of the
fertilized egg or the so-called myoplasm plays important
roles. Micromanipulative experiments, in which the PVC was
removed and transplanted, revealed that maternal factors, which
are localized in the PVC, are responsible for determination of
anterior–posterior axis, cleavage pattern, specification of
muscle fate, morphogenetic movements such as gastrulation
and the responsiveness in mesenchyme induction (Nishida,
1997, 2002). Maternal transcripts of macho-1, which encodes a
Zic-like zinc finger transcription factor, are localized in the PVC
525L. Yamada / Developmental Biology 296 (2006) 524–536region and are essential for the differentiation of larval tail
muscle (Nishida and Sawada, 2001; Satou et al., 2002). The
RNA and protein of Ci-VH (Ci-DEAD1), a homologue of the
Drosophila germline-specific gene vasa, are concentrated at the
posterior-most region and Ci-VH-positive cells are later
incorporated into the primordial gonad to form germ cells
(Fujimura and Takamura, 2000; Takamura et al., 2002).
Previous studies have identified several maternal transcripts
that are localized at the posterior-most region of fertilized eggs
and early embryos (reviewed by Sardet et al., 2005). posterior
end mark (pem) is the first gene for which maternal mRNA has
been identified as being localized at the posterior end in Ciona
savignyi eggs and embryos (Yoshida et al., 1996). Subsequent
studies have revealed that maternal mRNAs of at least five other
genes (pem-2, pem-3, pem-4, pem-5 and pem-6) in C. savignyi
show a localization pattern similar to pem (Satou and Satoh,
1997; Satou, 1999). A similar localization pattern was identified
for genes of the ascidians Halocynthia roretzi and Ciona
intestinalis, including HrWnt-5 (Sasakura et al., 1998a),
HrPOPK-1 for a serine/threonine protein kinase (Sasakura et
al., 1998b), HrZF-1, HrPet-1 and HrPet-2 (Sasakura et al.,
2000), HrPEM (H. roretzi orthologue of pem; Nishida and
Sawada, 2001), HrPet-3 (Sasakura and Makabe, 2002), HrEts
(Miya and Nishida, 2003), Ci-pem (C. intestinalis orthologue of
pem; Yoshida et al., 1997), and Ci-Dll-B (Caracciolo et al.,
2000). Recently, two series of a whole-mount in situ
hybridization project, which examined two ascidian species,
H. roretzi (MAGEST) and C. intestinalis (cDNA project),
reported 21 and eight genes, respectively, for which maternal
transcripts are localized at the posterior end of 8-cell stage
embryos (Makabe et al., 2001; Nakamura et al., 2003; Nishikata
et al., 2001; Fujiwara et al., 2002). Moreover, recent genome-
wide systematic analyses of transcription factor genes, signaling
molecule genes and zinc finger genes identified a total of 17
genes with a pem-like localization pattern of their maternal
transcripts in C. intestinalis (Imai et al., 2004; Miwata et al.,
2006). More recently in C. intestinalis, Yamada et al. (2005)
newly identified 10 pem/postplasmic genes by combination of a
blastomere isolation technique with oligonucleotide-based
microarray analyses and demonstrated that the pem-like
localization pattern appears to be the major specialized pattern
of maternal transcripts in early embryos.
In H. roretzi, these pem/postplasmic genes are categorized
into two groups depending on the localization pattern in
unfertilized eggs and on different sensitivities to cytoskeleton
inhibitors during ooplasmic segregation. Type I pem/postplas-
mic mRNAs are already localized in the vegetal cortex of
unfertilized eggs and are then concentrated into the centrosome-
attracting body (CAB), a small subcellular structure responsible
for operating cleavage planes during unequal cleavages that
take place at the posterior pole of early embryos (Hibino et al.,
1998; Nishikata et al., 1999). By contrast, type II pem/
postplasmic mRNAs do not show definite localization in eggs
but are gradually concentrated into the CAB (Sasakura et al.,
2000). After insemination, a spectacular rearrangement of egg
cytoplasm occurs, known as ooplasmic segregation, which
consists of two distinct phases (Conklin, 1905; reviewed bySardet et al., 2005). During these two phases of ooplasmic
segregation, pem/postplasmic mRNAs associate with the
cytoskeleton and are translocated. Translocation of the type I
mRNAs is dependent upon microfilaments during the first
phase of ooplasmic segregation and dependent upon micro-
tubules during the second phase of segregation, whereas
translocation of the type II RNAs is dependent upon microfila-
ments throughout ooplasmic segregation (Sasakura et al., 2000).
However, in Ciona, pem/postplasmic genes have not been
categorized yet.
With regards the mRNA localization mechanisms, many
studies, especially in Xenopus and Drosophila, have suggested
that the 3′ untranslated region (UTR) of localized genes
mediates their localization (reviewed by Micklem, 1995;
Bashirullah et al., 1998; King et al., 1999; Kloc et al., 2002).
In ascidians, Sasakura and Makabe (2002) showed that 3′UTRs
of HrWnt-5, HrPOPK-1 and HtPet-3 mRNAwere sufficient to
direct mRNA to the posterior pole of Halocynthia eggs, and
they identified small localization elements, named Uridine-
Guanosine Repetitive Elements (UGREs). The mRNA locali-
zation mechanism seems to be conserved globally among
vertebrates and their ancestor chordates, ascidians, and
invertebrates. The computer program, REPFIND, suggested
that clusters of CAC-containing motifs in 3′ UTRs are likely to
be a ubiquitous signal for RNA localization and are conserved
in chordates (Betley et al., 2002). These facts have also been
confirmed in some pem/postplasmic genes in ascidians (Sardet
et al., 2005).
Taking these previous studies into account, research on
ascidian pem/postplasmic genes includes many aspects, such as
identification of muscle–cell differentiation mechanisms,
mRNA localization mechanisms, and germline formation.
However, the present information about these pem/postplasmic
genes is fragmentary even in terms of their expression profiles.
For exploring the really important gene functions or localization
mechanisms, it is necessary to describe their expression profiles
during complete developmental stages, to categorize them, to
build up comparative data between several species, and to
determine their conservation. Therefore, the present study
aimed to describe the temporal and spatial expression patterns
of pem/postplasmic genes throughout early embryogenesis of
C. intestinalis and to categorize them. Furthermore, the present
study also identified C. savignyi orthologues of C. intestinalis
pem/postplasmic genes, described their expression profiles, and
examined the conservation of the 3′ UTR that is involved in
mRNA localization between the two ascidian species.Materials and methods
Biological materials
Adults of C. intestinalis and C. savignyi were cultivated at the Maizuru
Fisheries Research Station of Kyoto University, the Field Science Center of
Tohoku University and the International Coastal Research Center of the Ocean
Research Institute, the University of Tokyo. Eggs and sperm were obtained
surgically from the gonoduct. After insemination, embryos were reared at about
18°C in Millipore-filtered seawater (MFSW) containing 50 μg/ml streptomycin
sulfate.
Table 1
Catalogue of genes showing pem-like expression pattern in eggs and embryos of Ciona intestinalis and Ciona savignyi
Ciona intestinalis Ciona savignyi
Gene namea Figure Gene
expression
at 8-cell stage
embryob
Redistribution
to B8.12-line c
Zygotically
expression d
Localized
signal at
unfertilized
eggs e
Remaining
localized
signal at
“2nd-Cyt B”
eggs f
Type Reference Gene name b Figure Gene
expression
at 8-cell stage
embryob
Reference
Ci-pem-3 Fig. 1A pem-like + + + + Type I Fujiwara et al. (2002) pem-3 pem-like Satou (1999)
Ci-POPK1 Fig. 1E pem-like + + + + Type I Yamada et al. (2005) Cs-POPK1 Fig. S1A pem-like Present study
Ci-midnolin Fig. 1B pem-like + + + + Type I Fujiwara et al. (2002),
Yamada et al. (2005)
Cs-midnolin (N.E.)
Ci-pem-11 Fig. 1C pem-like + + + + Type I Fujiwara et al. (2002) Ci-pem-11 (N.E.)
Ci-GCNF pem-like + + + + Type I Imai et al. (2004) Cs-GCNF Fig. S1I pem-like Present study
Ci-pem7 Fig. 1F pem-like + − + + Type I Nishikata et al. (2001) Cs-pem7 Unlocalized Present study
Ci-ZF1 Fig. 1D pem-like + − + + Type I Yamada et al. (2005) Cs-ZF1 Fig. 3A pem-like Present study
Ci-pem pem-like − − + + Type I Yoshida et al. (1997) Cs-pem pem-like Yoshida et al. (1996)
Ci-pem-13 Fig. 1M pem-like − − + + Type I Yamada et al. (2005) Cs-pem-13 Fig. 3B pem-like Present study
Ci-Eph1 pem-like − − + + Type I Imai et al. (2004) Cs-Eph pem-like Imai (2003)
Ci-ZF364 pem-like − − + + Type I Miwata et al. (2006) Cs-ZF364 (N.E.)
Ci-Dll-B pem-like − + + + Type I Caracciolo et al. (2000),
Imai et al. (2004)
Cs-Dll-B Fig. S1B pem-like Present study
Ci-macho1 pem-like − + + + Type I Satou et al. (2002),
Imai et al. (2004)
Cs-macho1 pem-like Satou et al. (2002)
Ci-pem-10 Fig. 1N pem-like − + + + Type I Fujiwara et al. (2002) Ci-pem-10 (N.E.)
Ci-Eph2 pem-like − + + + Type I Imai et al. (2004) Cs-Eph2 (N.E.)
Ci-Tolloid pem-like − + + + Type I Imai et al. (2004) Cs-Tolloid (N.E.)
Ci-Wnt5 pem-like − + + + Type I Imai et al. (2004) Cs-Wnt5 Fig. S1C pem-like Present study
Ci-pem-2 Fig. 1I pem-like − + + + Type I Yamada et al. (2005) pem-2 pem-like Satou and
Satoh (1997)
Ci-pen1 Fig. 1J pem-like − + + + Type I Yamada et al. (2005) Cs-pen1 Fig. S1D pem-like Present study
Ci-pem-12 Fig. 1O pem-like − + + + Type I Yamada et al. (2005) Cs-pem-12 Fig. S1E pem-like Present study
Ci-RhoGAP-a Fig. 1K pem-like − + + + Type I Yamada et al. (2005) Cs-RhoGAP-a Fig. S1F pem-like Present study
Ci-BL4/5-a Fig. 1P pem-like − + + + Type I Yamada et al. (2005) Cs-BL4/5-a Fig. S1G pem-like Present study
Ci-pem14 Fig. 1Q pem-like − + + + Type I Present study Cs-pem14 Fig. S1J pem-like Present study
Ci-VH pem-like + + n.d. + Fujimura and
Takamura (2000),
(Shirae-Kurabayashi
et al., in press)
Cs-VH Fig. S1K pem-like Present study
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Ci-DPOZ Fig. 1L pem-like − − n.d. + Yamada et al. (2005) Cs-DPOZ Fig. S1H pem-like Present study
Ci-ZF097 pem-like − − n.d. + Miwata et al. (2006) Cs-ZF097 Unlocalized Present study
Ci-PTP-like Fig. 1G pem-like + − n.d. n.d. Yamada et al. (2005) Cs-PTP-like Unlocalized Present study
Ci-pem8 Fig. 1H pem-like + − n.d. n.d. Nishikata et al. (2001) Cs-pem8 Unlocalized Present study
Ci-Prd-B pem-like − + n.d. n.d. Imai et al. (2004) Cs-Prd-B Unlocalized Present study
Ci-Fli/ERG4 pem-like n.d. + n.d. n.d. Imai et al. (2004) Cs-Fli/ERG4 (N.E.)
Ci-LAG1-like3 pem-like n.d. + n.d. n.d. Imai et al. (2004) Cs-LAG1-like3 (N.E.)
Ci-prep pem-like n.d. + n.d. n.d. Imai et al. (2004) Cs-prep Fig. S1L pem-like Present study
Ci-Raf1 pem-like n.d. + n.d. n.d. Imai et al. (2004) Cs-Raf1 Unlocalized Present study
Ci-scalloped/TEF1 pem-like n.d. + n.d. n.d. Imai et al. (2004) Cs-scalloped/TEF Unlocalized Present study
Ci-ZF266 pem-like n.d. + n.d. n.d. Imai et al. (2004),
Miwata et al. (2006)
Cs-ZF266 (N.E.)
Ci-FoxJ2 pem-like n.d. − n.d. n.d. Imai et al. (2004) Cs-FoxJ2 Fig. S1M pem-like Present study
Ci-Nemo-Like pem-like n.d. − n.d. n.d. Imai et al. (2004) Cs-NEMO-like
kinase
Fig. S1N pem-like Present study;
Imai et al.
(unpublished)
Ci-pem9 Unlocalized * − Nishikata et al. (2001) Cs-pem9 Unlocalized Present study
Ci-pem-4 Unlocalized − Present study pem-4 pem-like Satou and
Satoh (1997)
Ci-pem-5 Unlocalized − Present study; Nishikata et al. (2001) pem-5 pem-like Satou and
Satoh (1997)
Ci-pem-6 Unlocalized + Present study pem-6 pem-like Satou and
Satoh (1997)
Ci-ets/pointed2 Unlocalized + Imai et al. (2004) Cs-ets/pointed2 Unlocalized Present study
Ci-GLUT (N.E.) Cs-GLUT (N.E.)
Ci-pen2 (N.E.) Cs-pen2 (N.E.)
Ci-Pet-1 Unlocalized − Present study Cs-Pet-1 Unlocalized Present study
Ci-Pet-2 (N.E.) Cs-Pet-2 (N.E.)
Ci-Pet-3 Unlocalized − Present study Cs-Pet-3 Unlocalized Present study
a Genes examined WMISH analysis throughout embryogenesis in the present study are shown in boldface.
b “(N.E.)” Indicates that the WMISH analysis was not examined, because the orthologue gene was not identified, or there are no corresponding ESTs to them. Tho gh previous study showed localization of Ci-pem9
mRNAs, I could not confirm their localization in the present study.
c “+” Indicates that transcripts of the gene were redistributed to B8.12 cells, while “−” indicates that they were not redistributed. “n.d.” means “not determined”, be use the pem-like signal was too week to judge the
redistribution to B8.12 cells.
d “+” Indicates that transcripts of the gene were expressed zygotically, while “−” indicates that they were not.
e “+” Indicates that transcripts of the gene were distributed in the cortical layer of unfertilized eggs along the animal–vegetal gradient. “n.d.” means “not determine , because of the quantitative limitation of WMISH
analysis.
f “2nd-CytB” eggs are eggs treated with cytochalasin B during second phase of ooplasmic segregation. “+” indicates that the transcripts of the gene were not dispe ed in “2nd-CytB” eggs, compared with in normal
fertilized eggs. “n.d.” means “not determined”, because of the quantitative limitation of WMISH analysis.
527
L
.
Yam
ada
/
D
evelopm
ental
B
iology
296
(2006)
524–5361
u
ca
d”
rs
528 L. Yamada / Developmental Biology 296 (2006) 524–536Inhibition of the first and second phases of ooplasmic segregation was
carried out using 2 μg/ml cytochalasin B (SIGMA) and 2 μM nocodazole
(SIGMA) (Zalokar, 1974; Sawada and Osanai, 1985).
Identification of the orthologue genes
The C. intestinalis orthologues of pem/postplasmic genes that had been
characterized in other ascidian species, C. savignyi and H. roretzi, were
identified by the tBlastn search against the ghost database (http://ghost.zool.
kyoto-u.ac.jp/indexr1.html), which provides an integrated database of cDNA
and genomic information (Satou et al., 2005), using protein sequences registered
in the Entrez database. The C. savignyi orthologues of C. intestinalis pem/
postplasmic genes were identified by the tBlastn search against the C. savignyi
EST/cDNA dataset registered in the Entrez database (Satou et al., unpublished;
Yamada et al., unpublished) using the C. intestinalis protein sequences, which
was deduced with the same methods as described in Satou et al. (2003). The
orthology was confirmed by molecular phylogenetic analysis and/or best-hit
analysis, as described previously (Satou et al., 2003).Fig. 1. Expression profiles of pem/postplasmic genes in Ciona intestinalis, revealed
distribution to B8.12 cell-line (arrow) are shown, in addition to the localization to B8.
ooplasmic segregation. The fertilized egg, the 8-cell stage, the early-tailbud stage and
stage embryos are viewed from the vegetal side. Gene names are shown on the left of e
in Table S2. See text for details.Whole-mount in situ hybridization
Whole-mount in situ hybridization (WMISH) was carried out with DIG-
labeled antisense RNA probes as described previously (Satou et al., 1995). The
clone ID used for WMISH of pem/postplasmic genes is listed in Supplementary
Table S1. Terms used for description of WMISH results follow the previous
study (Imai et al., 2004).
Preparation of synthetic mRNA, microinjection and detection of
exogenous mRNAs
The LacZ open reading frame (ORF) including the stop codon was cloned
into pBluescript RN3 vector (Lamaire et al., 1995) (pRN3LacZ). The 5′
untranslated region (UTR) or ORF of Ci-Wnt5 (cicl041p23) was amplified by
PCR and fused in-frame to the 5′ of the LacZ ORF of the pRN3LacZ. The
full length of Ci-Wnt5 and Cs-Wnt5 (csef023g20), and the 3′ UTRs of Ci-
Wnt5, Cs-Wnt5, Ci-ZF1 (cicl016j07) and Cs-ZF1 (csef025b24) were fused in-
frame to the 3′ of the LacZ ORF of pRN3LacZ. Capped mRNA wasby whole-mount in situ hybridization. Genes with (A–H) or without (I–Q) the
11 cell-line (arrowhead). Fertilized eggs shown are just after the second phase of
the middle-tailbud stage embryos are viewed from the right side, and the other
ach panel. Scale bar, 50 μm. Detail descriptions of expression profiles are shown
Fig. 1 (continued).
529L. Yamada / Developmental Biology 296 (2006) 524–536synthesized in vitro using Megascript T3 kit (Ambion) together with the cap
analog 7mGpppG.
Unfertilized eggs were injected with about 100 pl of 0.05 μg/μl of
synthesized mRNA and were inseminated about 30 min after injection. After
insemination, they were allowed to develop up to the 8-cell stage and fixed for
subsequent WMISH analyses. The probes used for detection of exogenous
mRNAs conjugated with LacZ ORF corresponded to LacZ ORF.
Results
Systematic description of embryonic expression profiles of
Ciona intestinalis pem/postplasmic genes
In C. intestinalis, previous studies identified 37 genes for which
maternal transcripts are localized at the posterior-most region of
fertilized eggs and/or early embryos. On the other hand, eight and 15geneswere identified as pem/postplasmic genes inC. savignyi andH.
roretzi, respectively. A survey against the draft genome sequence and
the cDNA/EST database of C. intestinalis identified eight and 12 C.
intestinalis orthologues of known C. savignyi and H. roretzi pem/
postplasmicgenes, respectively. TheC. intestinalisorthologues of the
remaining threeHalocynthia genes were not assigned by the present
analyses, though their homologues were identified. As a result of
excluding overlapping between 37 known genes and eight and 12
orthologues, 44 genes were cataloged as pem/postplasmic genes or
their orthologues in C. intestinalis (Table 1).
Next, the expression profiles of these genes were examined
comprehensively throughout embryogenesis using whole-
mount in situ hybridization (WMISH). Of 44 candidates, the
expression profiles of 19 genes have been reported partially at
only one or two embryonic stages and five genes have no report
530 L. Yamada / Developmental Biology 296 (2006) 524–536yet. Therefore, I performed WMISH analyses to describe the
entire embryonic expression of these 24 (19 + 5) genes using
fertilized eggs, and embryos at the 4-cell, 8-cell, 16-cell, 32-cell,
64-cell, 110-cell, early gastrula, late gastrula, neurula, early
tailbud and mid tailbud stages. The remaining 20 genes had been
previously examined by WMISH analyses at almost all
embryonic stages (Yoshida et al., 1997; Fujimura and Takamura,
2000; Satou et al., 2002; Imai et al., 2004). However, a recent
study demonstrated that posterior-most blastomeres, B7.6 cells,
produce two daughter cells, named B8.11 and B8.12 cells, and
that mRNA of CiVH, a vasa homologue, is redistributed into
B8.12 cells in addition to B8.11 cells, and B8.12 cells develop
into germ cells (Shirae-Kurabayashi et al., in press). Therefore,
to evaluate exactly whether these genes are expressed in B8.12-
line cells or not, these 20 genes were all subjected to WMISH
analysis using embryos after the 110-cell stage. Among the
former 24 genes, the maternal transcripts of 17 genes showed a
pem-like localization pattern (Table 1; Fig. 1). Therefore, it was
concluded that 37 (17 + 20) genes were pem/postplasmic genes
in C. intestinalis. The expression profiles of the 17 newly
described genes are provided in Supplementary Table S2, and
representative samples are shown in Fig. 1. Overall, 10 genes
(Ci-pem-3 (Fig. 1A), Ci-midnolin (Fig. 1B), Ci-pem-11 (Fig.
1C), Ci-ZF1 (Fig. 1D), Ci-POPK1 (Fig. 1E), Ci-pem7 (Fig. 1F),
Ci-PTP-like (Fig. 1G),Ci-pem8 (Fig. 1H),Ci-GCNF (Imai et al.,
2004), and Ci-VH (Shirae-Kurabayashi et al., in press) were
shown to have redistribution of their mRNAs to B8.12 cells
during gastrulation, and these signals were maintained until
middle-tailbud stage (Table 1). Twenty five genes, including Ci-
pem-2 (Fig. 1I), Ci-pen1 (Fig. 1J) and Ci-RhoGAP-α (Fig. 1K),
were zygotically expressed during embryogenesis, while the
zygotic expression of the transcripts of 12 genes, for example,
Ci-ZF1 (Fig. 1D) and Ci-DPOZ (Fig. 1L), was not detected
(Table 1).
Classification of pem/postplasmic genes into type I or type II
The pem/postplasmic genes of H. roretzi were categorized
into two groups, type I and type II, depending on the localization
pattern in unfertilized eggs and on different sensitivities to
cytoskeleton inhibitors during ooplasmic segregation (Sasakura
et al., 2000). Type I mRNAswere detected in unfertilized eggs in
the peripheral cytoplasm except for the animal pole region, while
type II mRNAs were uniformly distributed (Sasakura et al.,
2000; Sardet et al., 2003). To categorize C. intestinalis pem/
postplasmic genes into two types, the distribution pattern of
transcripts of all of the 37 genes was examined in unfertilized
eggs by WMISH analyses. The Ci-pem mRNAs are distributed
in the cortical layer of unfertilized eggs along the animal–
vegetal gradient, with the maximum concentration in the vegetal
hemisphere, as described previously (Fig. 2B; Yoshida et al.,
1997). The transcripts of Ci-POPK1 and Ci-pem13 showed the
same distribution pattern, in addition to the uniform signal
throughout the entire cytoplasm (Figs. 2C and D, respectively).
Furthermore, a total of 23 genes showed a distribution pattern in
the peripheral region similar to Ci-pem (Table 1), while the
transcripts of the remaining 14 genes were not detected in theperipheral region or showed uniform distribution in the
peripheral region. These data indicate that the former 23 genes
are type I pem/postplasmic genes.
After fertilization, the transcripts of pem/postplasmic genes
were translocated during the first and second phase of ooplasmic
segregation into a specific region of the egg. The type I pem/
postplasmic mRNAs were transiently distributed at the vegetal
pole region after the first phase of ooplasmic segregation (Figs.
2E and F) and subsequently were translocated to the sub-
equatorial region, called the PVC or the myoplasm, after the
second phase of ooplasmic segregation (Fig. 2G). Despite
uniform distribution in unfertilized eggs, type II mRNAs were
also gradually concentrated in the vegetal pole region after
fertilization and were translocated to the PVC (Sasakura et al.,
2000). The previous study in H. roretzi with cytoskeleton
inhibitors showed that this translocation depends on cytoskel-
eton elements (Sasakura et al., 2000). During the first phase, the
translocation of both type I and type II mRNAs shows sensitivity
to cytochalasin B (Cyt B), which disrupts the normal
organization of actin filaments. During the second phase, the
translocation of type I mRNAs shows sensitivity to only
nocodazole (NCDZ), which binds to tubulin and disrupts
microtubules, while that of type II mRNAs were both Cyt B-
and NCDZ-sensitive (Sasakura et al., 2000). Therefore, I next
confirmed the dependency of pem-like mRNA localization to the
cytoskeleton during ooplasmic segregation by using the
cytoskeleton inhibitor in C. intestinalis.
After unfertilized eggs were inseminated in the presence of
Cyt B or NCDZ, zygotes were cultured until completion of the
first phase of ooplasmic segregation and then examined by
WMISH analyses (Fig. 2A). Another experiment was also
carried out, in which zygotes were cultured in the presence of
Cyt B or NCDZ during the second phase of ooplasmic
segregation (Fig. 2A). As shown in Fig. 2H, zygotes treated
with Cyt B during the first phase failed to localize Ci-pem
mRNAs at the vegetal pole, and instead, in many cases, they
showed a ring-shaped distribution around the vegetal pole (Fig.
2L) or, in other cases, they were dispersed as several patches
throughout the entire cortex (Fig. 2M). NCDZ treatment during
the same phase did not affect localization of the mRNAs (Fig.
2I). Exposure to Cyt B or NCDZ during the second phase did not
affect the localization of Ci-pem mRNAs (Figs. 2J and K),
though I could not confirm whether the translocation took place
during the second phase in these drug-exposed eggs. These
results demonstrate that the translocation of Ci-pem mRNAs,
which were categorized as type I mRNAs in the first experiment,
takes place in the same manner during ooplasmic segregation in
C. intestinalis, as in H. roretzi.
The distribution pattern of the remaining pem/postplasmic
genes was observed in zygotes treated with Cyt B during the
second phase of ooplasmic segregation. The transcripts of 26
genes were localized in drug-treated embryos in a pattern likeCi-
pem (Fig. 2J; Table 1). Except for three genes, 23 genes showed
transcript distribution in the cortical layer of unfertilized eggs
along the animal–vegetal gradient. Consequently, these two
kinds of experiment indicate that at least 23 genes were
categorized into type I pem/postplasmic genes (Table 1).
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pem/postplasmic genes in C. savignyi
To explore the distribution pattern of C. savignyi orthologues
of C. intestinalis pem/postplasmic genes, a computational
search and WMISH analyses were performed. First, by using
the tblastn search against the EST/cDNA dataset of C. savignyi(Satou et al., unpublished; Yamada et al., unpublished) that
includes over 84,000 ESTs corresponding to about 40,000
cDNAs, 35 genes were identified as C. savignyi genes ortho-
logous to 44 C. intestinalis genes, which were cataloged as pem/
postplasmic genes or candidates. (Table 1). Of these, nine genes
have been reported previously and the embryonic expression
pattern of eight genes, except Cs-NEMO-like kinase, has been
examined previously. Therefore, I performed WMISH analyses
to examine the embryonic expression of the remaining 27 genes
(Table 1), using fertilized eggs and embryos at the 4-cell, 8-cell,
16-cell, neurula, early tailbud and mid tailbud stages. As a
result, 16 genes were newly identified as those with maternal
transcripts which showed a pem-like localization pattern at the
8-cell stage embryo (Table 1; Fig. 3 and Fig. S1), while the
remaining 11 genes examined by WMISH analysis showed
uniform mRNA distribution throughout the entire embryo
(Table 1). Of the16 genes, four genes, Cs-ZF1 (Fig. 3A), Cs-
POPK1, Cs-GCNF and Cs-VH showed redistribution of their
mRNAs to B8.12 cells, like their orthologues in C. intestinalis.
Similarly, the remaining 12 genes, for example Cs-pem13 (Fig.
3B), did not show redistribution to B8.12 cells, like their C.
intestinalis orthologues.
Conservation of the abilities of 3′ UTRs for posterior
localization in C. intestinalis and C. savignyi
Sasakura and Makabe (2002) have shown in H. roretzi that
the posterior localization of pem/postplasmic mRNAs was
mediated by their 3′ untranslated regions (3′ UTRs). To confirm
this in C. intestinalis and C. savignyi, the following experiment
was performed. Exogenous mRNAs were injected into
unfertilized eggs, and eggs were inseminated. Embryos were
fixed at the 8-cell stage and then exogenous mRNA conjugated
with the LacZORF was detected by using probes corresponding
to LacZ ORF. When LacZ mRNAs were injected into
unfertilized eggs of C. intestinalis and C. savignyi, these
mRNAs were uniformly localized (data not shown). In contrast,
when exogenous mRNAs comprised of full-length mRNAs of
Ci-Wnt5 and Cs-Wnt5 conjugated with the LacZ ORF, were
injected into unfertilized eggs, these exogenous mRNAs were
localized at the posterior pole of the 8-cell stage embryos (data
not shown). These results suggest that this system worked well
in C. intestinalis and C. savignyi, as in H. roretzi (Sasakura and
Makabe, 2002). Using this system, I injected the chimeric
mRNAs, which comprised the 5′ UTR, open reading frameFig. 2. Classification of pem/postplasmic genes. (A) After insemination,
rearrangement of egg cytoplasm occurs, called ooplasmic segregation, which
consists of two distinct phases. Cytochalasin B (Cyt B) and nocodazole (NCDZ)
are used for inhibition of cytoskeletons during the first phase and the second
phase of ooplasmic segregation. (B–D) Expression pattern of Ci-pem (B), Ci-
POPK1 (C) and Ci-pem-13 (D) in the unfertilized egg, viewed from the lateral
side. Two arrows in each panel show the upper border of the expression limited
to the peripheral region. (E–G) The expression of Ci-pem at each time point
described in (A). (H–M) The expression of Ci-pem in drug-treated eggs. During
the first (H, I, L, andM) or second (J and K) phase of ooplasmic segregation, Cyt
B (H, J, L and M) or NCDZ (I and K) was added. See text for details. Scale bar,
50 μm for panels B–G, L and M.
Fig. 4. The role of the 3′ UTR in pem/postplasmic localization is conserved.
Exogenous mRNA injected into unfertilized eggs was detected by WMISH
analyses. In both cases of (A) LZ-5′Ci-Wnt5 mRNAs and (B) LZ-5′Ci-Wnt5
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ORF. As illustrated in Figs. 4A and B, exogenous mRNAs
conjugated with the 5′ UTR or ORF did not show any
localization (Table 2). In contrast, mRNAs conjugated with the
3′ UTR, named LZ-3′Ci-Wnt5, were localized in most embryos
(44/48 = 92%) (Table 2; Fig. 4C), suggesting that the 3′ UTR of
Ci-Wnt5 mRNAs has localization activity in C. intestinalis
embryos.
I next injected C. savignyi unfertilized eggs with LZ-3′Ci-
Wnt5 and found that LZ-3′Ci-Wnt5 mRNAs were also localized
in the embryos (57/62 = 92%) (Table 2; Fig. 4D). When LZ-3′
Cs-Wnt5 mRNAs, comprising the 3′ UTR of Cs-Wnt5 mRNAs
conjugated with the LacZ ORF were injected into C. savignyi or
C. intestinalis eggs, both of mRNAs were localized with high
efficiency (26/30 = 87% and 67/69 = 97%, respectively) (Table
2; Figs. 4E and F). Moreover, identical results were obtained for
ZF-1 genes (Ci-ZF1 and Cs-ZF1) (Table 2). These results
demonstrated that the 3′ UTRs of pem/postplasmic mRNAs
have localization activity in C. intestinalis as well as in C.
savignyi. In this case, the comparison of primary sequences
between 3′ UTRs will be useful for the identification of
localization elements. Comparison of 3′ UTRs of Ci-Wnt5 and
Cs-Wnt5, and that of Ci-ZF1 and Cs-ZF1 revealed five (regions
A–E in Fig. S2A) and four (regions F–I in Fig. S2B) conserved
regions, respectively. Regions B, C, E and F contain a CAC-
repeat or a CAC motif, which was known as conserved
ubiquitous signal for RNA localization in chordates (Fig. S2A,
B; Betley et al., 2002). Regions G, H, and I were composed of
UG-rich sequences similar to UGREs, which were identified as
the small element for mRNA localization in 3′ UTR ofHrWnt-5
mRNA (Fig. S2B; Sasakura and Makabe, 2002). These results
indicated the possibility that candidates for important elementsFig. 3. Expression profiles of pem/postplasmic genes in Ciona savignyi, revealed
by whole-mount in situ hybridization. (A) Transcripts of Cs-ZF1 are localized at
the posterior-most region in fertilized eggs and 8-cell stage embryos and are
redistributed to the B8.12 cell-line (arrow), in addition to the localization to the
B8.11 cell-line (arrowhead). (B) Transcripts of Cs-pem-13 are localized only at
the B8.11 cell-line (arrowhead) during embryogenesis. Fertilized eggs shown
are just after the second phase of ooplasmic segregation. The fertilized egg and
the 8-cell stage embryo are viewed from the posterior side and early-tailbud
stage from the right side. Expression profiles of other C. savignyi pem/
postplasmic genes are shown in Supplementary Fig. S1. Scale bar, 50 μm.
mRNAs injection, no localization signal is detected. On the other hand, the
localization of exogenous mRNAs (arrowhead) is detected in the case of LZ-3′
Ci-Wnt5 mRNAs (C and D) and LZ3′Cs-Wnt5 mRNA injection (E and F) into
unfertilized eggs of C. intestinalis (C and E) or C. savignyi (D and F).for mRNA localization are rapidly identified by the comparison
between 3′ UTR sequences of orthologue genes derived from
two related ascidian species.
Discussion
The gene expression profiles of pem/postplasmic genes during
embryogenesis in C. intestinalis
In the present study, embryonic expression profiles of 37
pem/postplasmic genes of C. intestinalis were described
throughout embryogenesis (Table 1), although the expression
profiles of 20 genes had been reported previously. In addition,
24 C. savignyi pem/postplasmic genes including eight genes
that had been reported previously were identified (Table 1).
These descriptions are fundamental for future analyses and
characterization of their function in development. In particular,
10 C. intestinalis pem/postplasmic genes showed redistribution
to B8.12-line cells. It has been demonstrated that the B7.6
cells undergo an asymmetric cell division to produce two
Table 2
The localization of exogenous mRNAs in Ciona intestinalis and Ciona savignyi embryos
Exogenous
mRNAs injected
Eggs injected n Number of embryos with expression of exogeneous mRNAs Embryos with
localization signal
of exogenous
mRNAs (%)
Not localized Weak localization a Strong localizationa
LZ-5′Ci-Wnt5 C. intestinalis 42 42 0 0 0
LZ-ORFCi-Wnt5 C. intestinalis 31 31 0 0 0
LZ-3′Ci-Wnt5 C. intestinalis 48 4 29 15 92
C. savignyi 62 5 33 24 92
LZ-3′Cs-Wnt5 C. intestinalis 69 2 35 32 97
C. savignyi 30 4 14 12 87
LZ-3′Ci-ZF1 C. intestinalis 57 0 42 15 100
C. savignyi 42 1 29 12 98
LZ-3′Cs-ZF1 C. intestinalis 41 5 27 9 88
C. savignyi 72 3 50 19 96
a Embryos that had no or weak signal of uniformly expression throughout the entire region in addition to the localized signal were scored as “strong localization”.
While those having strong and uniform signals in addition to the localized signal were scored as “weak localization”.
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macho1 mRNAs are segregated only into B8.11 cells, while
maternal Ci-VH (vasa homologue) mRNAs and protein are
spread into B8.11 and B8.12 cells (Shirae-Kurabayashi et al.,
in press). Shirae-Kurabayashi et al. also suggested that B8.12
cells can be regarded as the primordial germ cells. Considered
with these results, it is highly possible that these 10 genes
have an important role in germ cell specification in ascidians.
Moreover, all of the four orthologous genes identified in C.
savignyi were also distributed to B8.12-line cells, suggesting
that the function in germ cell specification is well conserved
between the species. On the other hand, eight genes had no
expression detected after gastrulation (Table 1), either due to
the limitation of the sensitivity of the WMISH analyses or
because these genes are not actually expressed.
Classification of pem/postplasmic genes
In the present analyses, I tried to categorize 37 C. intestinalis
pem/postplasmic genes into type I and type II, by using two
series of experiments. The first series of experiments examined
the expression pattern of genes in unfertilized eggs by using
WMISH analyses and demonstrated that 23 genes showed
localization of their mRNAs in the peripheral region of
unfertilized eggs with an animal–vegetal gradient. The second
series of experiments using drug-treated eggs demonstrated that
the localization of transcripts of 26 genes was not disrupted
even when cytochalasin B was added during the second phase
of ooplasmic segregation. Because 23 of these genes coincided
with genes identified in the first experiment, these 23 genes
were definitely categorized as type I pem/postplasmic genes.
The remaining three genes were not categorized in the present
study, though they seem to be type I, judging from the results of
the second experiment.
HrPet-1 and HrPet-2 (Sasakura et al., 2000), HrPet-3
(Sasakura and Makabe, 2002), and HrEts (Miya and Nishida,
2003) are thought to be type II pem/postplasmic genes in H.
roretzi. Of these, three orthologues of C. intestinalis and C.
savignyi were identified, and their transcripts did not show any
localization pattern in eggs and embryos (Table 1). pem-4, pem-5 and pem-6 of C. savignyi were also thought to be type II from
their expression pattern until the 8-cell stage (Satou and Satoh,
1997), but none of their C. intestinalis orthologues showed the
pem-like localization (Table 1; Nishikata et al., 2001). The
present analyses demonstrated that among C. savignyi ortho-
logues of 17 C. intestinalis type 1 pem/postplasmic genes, 16
genes were expressed with a pem-like mRNA localization
pattern in early embryos (Table 1). From these comparisons
with the classification of pem/postplasmic genes and their
localization pattern, it is likely that most of the type I pem/
postplasmic genes were conserved among the two or three
species of ascidians, but that type II genes were not.
Function of pem/postplasmic genes
Localization of pem/postplasmic transcripts suggests their
role in embryogenesis. Pem was suggested to play a role in
the establishment of anterior–posterior patterning because
overexpression of the gene by injection of synthetic mRNA
causes a shift of the larval anterior neural and epidermal
tissues toward the posterior (Yoshida et al., 1997). macho-1 is
responsible for muscle differentiation and mesenchyme
induction, and it plays a role in making the difference in
cell response between mesenchyme and notochord induction
(Nishida and Sawada, 2001; Kobayashi et al., 2003). A recent
study suggested that POPK-1 kinase is required for the
translocation of maternal mRNAs, as well as for the
concentration of CAB materials (Nakamura et al., 2005).
However, the function of most of the maternal genes with
pem-like localization of their transcripts has not been revealed
yet. As described above, some of the genes are thought to
have important roles in specification of germ cells, judging
from their expression pattern in B8.12 cells. Moreover, the
present analyses demonstrated that the pem-like mRNA
localization pattern of 21 genes, including pem, macho-1
and POPK-1, was conserved between C. intestinalis and C.
savignyi. In addition, most of them encode proteins with
known domains and/or motifs and have counterparts in
vertebrates, Drosophila, and Caenorhabditis elegans (Table
1). This suggests that the function of these genes is important
534 L. Yamada / Developmental Biology 296 (2006) 524–536and conserved in early embryogenesis of many organisms.
Therefore, further studies should explore the function of these
genes.
Conservation of molecular and subcellular localization
mechanisms of pem/postplasmic transcripts
In general, the localization of transcripts is achieved by three
components, involving the cytoskeleton, elements localized in
mRNAs themselves, and cytoplasmic factors, which bridge
between the former two components. Focusing on the
cytoplasmic component of localization machinery, few RNA-
binding proteins, which act as adaptors between the localized
mRNA, have been reported. In Xenopus, Vg1 RBP, Vera and
40LoVe associate with Vg1 RNA localization element (Deshler
et al., 1997, 1998; Czaplinski et al., 2005), and in Drosophila,
Swallow andModulo with bicoidmRNA (Schnorrer et al., 2000;
Arn et al., 2003). Taking advantage of the genomic sequences
available for Ciona, the orthologues of these proteins are rapidly
identified.
While focusing on the localized elements, the fact that
most mRNA localization is mediated by the 3′ UTR has been
widely observed (Kloc et al., 2002). In ascidian, Sasakura and
Makabe (2002) demonstrated that 3′ UTR of HrWnt-5 and
HrPOPK-1 mRNA showed the important role for mRNA
localization. The present analyses using Ciona embryos
injected with exogenous mRNAs conjugated with the 3′
UTR of Ciona pem/postplasmic genes show that the role of 3′
UTR in mRNA localization is also conserved in Ciona
embryos as in Halocynthia embryos. Sasakura and Makabe
(2002) also identified smaller UG-rich fragments, which were
sufficient to direct mRNA to the posterior pole of
Halocynthia eggs. Regarding the element for mRNA
localization, it has also been shown that abundance of CAC
elements in 3′ UTR implies for the mRNA localization in
Xenopus (Betley et al., 2002). In ascidian, Sardet et al. (2005)
showed that most pem/postplasmic RNAs have high frequen-
cy of CAC repeats from analyses of the 3′ UTR of 15 pem/
postplasmic with REPFIND (Sardet et al., 2005). Their results
also confirmed by using 3′ UTR sequences of pem/
postplasmic genes catalogued in the present analyses (Table
S3). However, several genes (e.g., Ci-pem7), for which
maternal transcripts are localized at the posterior end of 8-cell
stage embryos, did not have high frequency of CAC repeats
in 3′ UTR, and in contrast, some of genes (e.g., Ci-pem-4),
for which transcripts did not show any localization, have high
frequency of that. As to UGREs, although many UG-rich
region were observed in 3′ UTRs of most pem/postplasmic
RNAs, several pem/postplasmic genes seem to have no UG-
rich region in their 3′ UTRs (data not shown). The present
analyses with REPFIND also suggested that 3′ UTR
sequences of type I pem/postplasmic genes have much higher
frequency of CAC repeats than that of remaining genes,
which were not categorized into type I (Table S3). Though, it
is still uncovered what this suggestion means. Therefore,
these results indicated that the development of more
sophisticated analyses are required for the identification ofall localization elements by using only computational
approach.
Moreover, the present study demonstrated that both the 3′
UTR of C. intestinalis pem/postplasmic genes and that of C.
savignyi pem/postplasmic genes mediated mRNA localization
in both C. intestinalis and C. savignyi embryos. These results
were also confirmed with the 3′ UTR of Ci-pem and pem
genes (Sasakura, personal communication). It suggests that
both 3′ UTR sequences of C. intestinalis and C. savignyi
pem/postplasmic genes have the same abilities to bind to the
localization machinery of C. intestinalis and C. savignyi, and
that conserved contextures between these 3′ UTRs are really
important as cis-elements in mRNA localization. In fact, the
present comparison between 3′ UTRs of Ci-Wnt5 and Cs-
Wnt5, and that Ci-ZF1 and Cs-ZF1 showed high possibility
for rapidly identifying the important elements for the mRNA
localization. In the recent genomic era, more comparative
genome scientific approaches have been developed, especially
to identify cis-regulatory elements conserved by many
organisms. Recent studies in ascidians have also demonstrated
that the genome sequences of the two Ciona species, C.
intestinalis and C. savignyi, provide much information to
identify cis-regulatory DNA elements associated with cell
type-specific expression of genes (Kusakabe et al., 2004;
Johnson et al., 2005). These methods will be useful for
identification of elements responsible for localization of
maternal mRNAs. For these comparative genome approaches,
many genes and/or sequences, all of which have the same
biological function, are absolutely imperative. The previous
and present studies identified a total of 37 C. intestinalis and
24 C. savignyi pem/postplasmic genes, described their
expression profiles throughout embryogenesis, and classified
them (Table 1). Given this, Ciona appears to be an
appropriate system for exploring the mechanisms of localiza-
tion of mRNAs.
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